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SYNOPSIS: S tren g th  and deform ation c h a r a c te r is t ic s  o f  is o tr o p ic a l iy  c o n so lid a te d  a ir -p lu v la te d  san ds in p lan e str a in  

com pression were stu d ied . Commonly fo r  the s ix  ty p e s  o f  sands o f  w orld-w ide or-igins te s te d , the behaviou r a t s tr a in s  le s s  

than about 0.001 % was r e c o v e r a b le  and str a in  ra te-in d ep en d en t, namely e la s t ic .  The e la s t ic  sh ea r  modulus was iso tr o p ic  

with r e sp e c t  to  th e  a n g le  J o f  n  d ir e c t io n  r e la t iv e  to  th e  bedding p lan e betw een 0° and 90°. However, th e  san ds became 

g r a d u a lly  more a n iso tr o p ic  as s tr a in  in creased  ex ce ed in g  th e  e la s t ic  lim it. The a n g le  o f  In tern a l fr ic t io n  ^ d ecreased  as 

<5 d ecrea sed  from 90° to  0° with th e  sm a lle s t  a t 5 = 0 -  30°. At th e  res id u a l s t a t e ,  th e  behaviour became Iso tro p ic  again.

X IIIIC S M F E , 1994. New Delhi. India /  XIII C IM STF, 1994. New Delhi. Inde ^  ^

INTRODUCTION

It has been rev ea led  th a t th e  str e n g th  and deform ation  

c h a r a c te r is t ic s  o f  san ds prepared by p lu v ia tln g  p a r t ic le s  

through w ater or a ir  be co n sid era b ly  a n iso tro p ic ; i .e . ,  by 

t r la x ia l  com pression t e s t s  (Oda, 1972, Arthur and M enzles, 

1972), p lan e  s tr a in  com pression t e s t s  (e .g .,  Oda, 1981, 

Klmura e t  a l . ,  1985, Tatsuoka e t  a l . ,  1986a), t r la x ia l  e x te n ­

sio n  t e s t s  (e .g .,  Lam and Tatsuoka, 1988). It has a lso  be 

shown th a t un d istu rb ed  sand sam ples ex h ib ited  la rg e  

a n iso tro p y  in t r la x ia l  t e s t s  (Mlura and Tokl, 1988) and In 

PSC (T atsuoka e t  a l . ,  1989). D esp ite  th e  above, many c la s ­

s ic a l  th e o r ie s  fo r  ea rth  p ressu re , s lo p e  s t a b il i t y ,  bearing  

c a p a c ity  and so  on assume iso tr o p ic  p r o p e r tie s  o f  sands, 

and th ey  are used w idely  in c u r re n t design  p r a c tic e . This 

s itu a t io n  may be J u s t if ie d , how ever, when co n sid er in g  e x ­

treme d i f f i c u lt i e s  In r e s to r in g  h ig h -q u a lity  un d istu rb ed  

sand sam ples. In fa c t, in most c u r re n t d esig n  p r a c tic e ,  

c o n se r v a tiv e  s tr e n g th  v a lu e s  are  used to  co v er  u n ce r ta in ­

t ie s  in th e  s tr e n g th  o f  sands ln -s ltu .

In c o n tr a s t . In any resea rch  fo r  v a lid a tin g  a s o i l  mechan­

ics  th eo ry  by usin g  th e  r e s u lt s  o f  elem ent and model t e s t s  

o f  a sand, p o s s ib le  a n iso tr o p ic  p r o p e r tie s  o f  th e  sand  

sh ould  be taken in to  accou nt. However, th e  a n iso tr o p ic  

p r o p e r tie s  o f  sand have o fte n  been Ignored due p a r t ly  to  

the la ck  o f  th e  d ata  showing th e  a n iso tro p y  fo r  the  

sand(s) en co u n tered  In each cou n try . In p a r ticu la r ,  

w hether a n iso tr o p ic  p r o p e r tie s  common fo r  san ds o f  

w orld-w ide o r ig in s  e x is t  Is n o t known. In a d d ition , It Is 

not un d erstood  how a n iso tr o p ic  (or iso tr o p ic )  p r o p e r tie s  

o f  san ds change with s tr a in  le v e l .

TEST MATERIALS AND TESTING METHOD

Plane s tr a in  com pression  (PSC) t e s t s  were perform ed by u s­

ing s ix  ty p es  o f  sands, which have been used e x te n s iv e ly  

fo r  resea rch  pu rp oses (Fig. 1 and T able 1). They are a l l

q u a r tz -r ic h  and p o o r ly  graded having sub-round to  sub- 

angu lar p a r t ic le  sh apes. R e la t iv e ly  la rg e  specim ens (Fig. 

2a) were prepared  by p lu v ia tln g  a lr -d r led  p a r t ic le s  

through a ir  a t d if fe r e n t  a n g le s  <5 o f  th e  d ir e c t io n  o f  the  

major p r in c ip a l s t r e s s  a i during PSC r e la t iv e  to  th e  bed­

d ing p lan e  d ir e c t io n  betw een 0 and 90c with th e  a 2 d ir e c ­

tio n  In th e  bedding p lane d ir e c t io n  (S tep  ®  in Fig. 3). 

The specim ens were dense (Dr= 80 - 90 %), e x ce p t  S ilic a  

Sand (Dr= 50%). E xcept when S = 90°, a ir -  dried  specim ens 

were p a r t ia lly  sa tu ra te d  to  c r e a te  an apparent co h esio n  

(S tep  ® )  to  trim to  f i t  a s p l i t  mold (S tep s ® , ®  and © ). 

A fter  made fr o ze n , th ey  were s e t  In a tr la x ia l  c e l l  and 

allow ed to  thaw at a vacuum o f  4.9 kPa. They were made 

a lr -d r led  again by c ir c u la t in g  a ir  from th e  top  to  th e  b o t­

tom. The e f f e c t  o f  a seq u en ce  o f  w ettin g , fr e e z in g , thaw­

ing and re-d ry in g  was examined fo r  <5 = 90° specim ens o f  

Toyoura Sand (T atsuoka e t  a l . .  1986a) and S ilv e r  L eighton  

Buzzard (SLB) Sand (Park. 1990), and was found n e g lig ib le .

The a x ia l and la te r a l  s t r e s s e s  were measured with two load  

c e l l s  p la ced  a d ja cen t to  a specim en (6 and 13 In Fig. 2b). 

The r ig id  a 1 and a 2 boundaries were lu b r ica te d  by sm ear­

ing a 0.3 mm-thick la te x  membrane with a 0.05 mm-thlck s i l i ­

con g r ea se  la y er . The ty p e  o f  g r ea se  was changed depend­

ing on gra in  s iz e  and p ressu re  le v e l  (T atsuoka e t  a l .,  

1984, Goto e t  a l . ,  1992). ■ The fr ic t io n  a n g le  on th e  co n ­

fin in g  p la te n s  was t y p ic a lly  le s s  than 1.0° as ensu red  from 

th e  read in gs o f  th e  two load c e l l s  a t th e  bottom  o f  the  

co n fin in g  p la te n s  (14 in Fig. 2b), which were used for  

s t r e s s  c o r r e c t io n . L ocal a x ia l s tr a in s , t o t a l ly  fr e e  from  

th e  bedding e rr o r  a t  th e  top  and bottom  ends o f  specim en, 

were ob ta in ed  by m easuring a x ia l com pression  a lo n g  both  

a 3 su r fa c e s  by means o f  a pa ir  o f  L ocal Deform ation  

T ransducer (LDT; Goto e t  a l . , 1991). L ocal la te r a l  s tr a in s  

w ere ob ta in ed  by m easuring la te r a l  d isp lacem en ts on each  

a s p lan e  with fo u r  prox im eters (In to t a l  e ig h t) . PSC t e s t s  

w ere perform ed on I so tr o p lc a lly  c o n so lid a te d  (vacuumed) 

specim ens a t a c o n sta n t a 3= 14.7 o r  78.5 kPa a t  an a x ia l
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1.  L i s t e d  f r om t he t op i n t he o r d e r  o f  g r a i n  s h a p e  a n g u l a r i t y .  

2:  Vo i d  r a t i o  a t  a 3 = 4 . 9  kPa.

s tr a in  ra te  o f  

TEST RESULTS

T ypical r e s u l t  (F ig. 4): Only in Fig. 4a, e x te r n a l ly  mea­

su red  a x ia l s tr a in s  were p resen ted , w hile th e  vo lum etric  

s tr a in s  p resen ted  are equal to  th e  summation o f  lo c a l ly  

measured a x ia l and la te r a l  s tr a in s . In th e  o th e r  fig u r es ,  

lo c a l ly  measured a x ia l s tr a in s  were used. The fo llo w in g  

may be noted: 1) The in it ia l  r e la t io n s  a t sh ear  s tr a in  7 <  

about 0.002 % are  iso tr o p ic  (Fig. 4c). 2) As 7 in crea ses ,  

th e  behaviour becomes g r a d u a lly  more a n iso tr o p ic  (Fig. 

4b), and th e  peak s tr e n g th  is  n o tic e a b ly  a n iso tr o p ic  (Fig. 

4a). 3) The r es id u a l s tr e n g th  becomes iso tr o p ic  again.

Sm all s tr a in  behaviour: As seen  from Fig. 5, th e  s t i f f n e s s  

fo r  th e  In it ia l p o r tio n  Is v ir tu a lly  th e  same with th a t fo r  

th e  sm all u n lo a d /re lo a d  c y c le (s );  I .e ., th e  In it ia l  behavior  

is  r ec o v er a b le . F urther, th e  e f f e c t  o f  s tr a in  ra te  is  n eg ­

l ig ib le  a t  sm all s tr a in s  (Fig. 6). These two fe a tu r e s  com­

bined mean e la s t ic  b ehavior, and thu s a unique maximum 

sh ea r  modulus Gmnx can be defined  fo r  each t e s t  (F igs. 4c, 

5 and 6). This e la s t ic  behaviour was o b served  commonly 

fo r  a l l  th e  t e s t s  In th e  p r e se n t stu d y , and a ls o  fo r  o th er  

ty p e s  o f  sands, s o f t  rock s and c la y s  (T atsuoka and 

Shlbuya, 1992, Shlbuya e t  a l . ,  1992). Fig. 7 shows th e  v a l­

ues o f  th e  param eter A= (Gm=x/p=)/{( a ’3/p i ) 0' 4 • f(e)}  

p lo t te d  a g a in st S , where p= is  th e  atm ospheric pressure=  

98.1 kPa and f(e)= (2.17 - e )2/ ( l  ♦ e) (e  Is vo id  r a tio ) . Iwa- 

sak l and T atsuoka (1977) showed th a t th is  v a lu e  a t 7 = 

0.0001 % from resonant-colum n t e s t s  on many Japanese  

c le a n  san ds Is about 900. In Fig. 7, th e se  v a lu es  are  a- 

round 1,000, In p a r tic u la r  about 900 fo r  two Japanese

3.  To y o u r a  Sa n d  No . 2 i s f r om a b a t c h  d i f f e r e n t  f r om 

t ha t  u s e d  by  T a t s u o k a  el  al .  ( 1986.  1986a) .

(b )
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Fig. 7 Gmax p lo t te d  a g a in st <5 fo r  NC and OC Sands.

Fig. 8 <p mob a t  d if fe r e n t  7 

and (b) OC SLB Sand.

ANGLE OF 0 ‘ ,-O IRECTION . 6  ((tog.)

-v a lu e s  v ersu s  S fo r  (a) NC

sands (Toyoura and S il ic a  Sands). This r e s u lt  a ls o  en su res  

the In it ia l  e la s t ic  behaviour, which Is p rob ab ly  a r e s u lt  

o f e la s t ic  deform ations o f  sand p a r t ic le s .  I so tro p ic  

e la s t ic i ty  as seen  from Fig. 7 may be due to  n e a r ly  

Iso trop ic  In it ia l  d is tr ib u tio n  o f  In te r -p a r t ic le  c o n ta c ts  

produced during Iso tro p ic  c o n so lid a tio n . This p o in t may 

be su pp orted  by th e  fa c t  th a t th e  beh av ior  a t 7 < 0 .1  % Is 

more iso tr o p ic  fo r  o v e r -c o n so lid a te d  (OC) specim ens than  

for NC on es (F ig. 8). This r e s u lt  (Fig. 7) a ls o  su g g e s ts  

that p o s s ib le  a n iso tro p y  In la rg e  s tr a in  s t i f f n e s s  and 

peak str e n g th  In th e  f ie ld  may n o t be estim ated  o n ly  from

Fig. 6 a 1 / a  3 - e o r e la t io n s  a t  th r e e  

d if fe r e n t  a x ia l s tr a in  ra tes ,

NC Toyoura Sand (No. 2).

ANGLE OF O ' ,-DIRECTION RELATIVE TO BEDDING PLANE . 6  ((tog.)

Fig. 9 Summary o f  <t> ( S )/<)> ( S = 90°)~  <5 re la tio n :

(a) NC and OC Toyoura Sand and (b) a l l  th e  sands te s te d .

Fig. 10 Summary o f  7 1 a t  peak p lo t te d  a g a in st 5 .

sh ea r  wave v e lo c i t ie s  measured In a s p e c if ic  d ir ec tio n .

Fig. 7 shows a lso  th a t  th e  param eter A In crea ses s l ig h t ly
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as th e  gra in  s iz e .  F urther, a lth o u g h  th e  p la s t ic  

deform ation p r o p e r tie s  o f  sands a t  In term ed iate  s tr a in  

l e v e l s  a re  known to  be a f fe c te d  by OCR, any d isc e r n ib le  

e f f e c t  o f  OCR on Gm» cannot be seen .

A n iso tro p ic  s t i f f n e s s  and peak str en g th :  As s tr a in  in ­

c r e a se s  ex ceed in g  th e  e la s t ic  lim it, both  s l ip  a t In te r ­

p a r t ic le  c o n ta c ts  and r e la t iv e  r o ta tio n  o f  p a r t ic le s  be­

come more a c t iv e , w hile o v e r a l l  deform ation p r o p e r t ie s  b e­

comes more a n iso tr o p ic  (F ig. 8). The d eg ree  o f  d lla ta n c y  

a ls o  Is a f fe c te d  by th e  a n g le  <5 In th a t It becom es le s s  as 

<5 d e c re a se s  (Fig. 4a). For each t e s t  s e r ie s  changin g  o n ly  

<5 , ^ a t  a c er ta in  5 was d iv ided  by th e  corresp o n d in g  <t> 

a t  S = 90° a f te r  be ing  c o r r e c te d  fo r  vo id  r a t io  v a r ia tio n s  

(F ig. 9). The fo llo w in g  p o in ts  may be seen: 1) For NC 

T oyoura Sand, th e  tren d  Is v e ry  sim ilar  betw een th e  p r e s­

e n t and p rev io u s s tu d ie s  (F ig. 9a). 2) For a l l  th e  sands  

(Fig. 9b), th e  tren d  Is sim ilar  In th a t  <t> d e c re a se s  as S 

d e c re a se s  from 90° to  20°-30°. 3) As <5 d e c re a se s  fu r th e r  

tow ards zero , fo r  Toyoura. S i l ic a  and K arlsruhe Sands, 

In crea ses again , w h ile  fo r  SLB. Ottawa and T icino Sands, <t> 

s t i l l  d ec re a se s . The former and la t t e r  groups have r e la ­

t iv e ly  sm aller  and la r g e r  grain  s iz e s ,  r e s p e c t iv e ly ,  and 

have r e la t iv e ly  more and le s s  angu lar  gra in  sh apes, re ­

sp e c t iv e ly .  It Is n o t known y e t  to  th e  p r e se n t a u th ors  

which o f  th e se  two fa c to r s  or an o th er  Is th e  major fa c to r  

fo r  th e  above two d if fe r e n t  tren d s. 4) The r a t io s  o f  th e  

sm a lle s t  to  la r g e s t  v a lu e s  o f  0 ai^e In a sm all range be­

tween 0.82 and 0.9. Note a ls o  th a t In each t e s t  s e r ie s ,  

sh ea r  s tr a in  a t  th e  peak s t a t e  was th e  sm a lle s t  a t  <5 = 90° 

and In creased  as S d e c re a se s  (Fig. 10). Some sands ex h ib ­

ited  a tren d  o f  minimum a t  J = 20°-30° (se e  a ls o  Fig. 4a), 

where th e  p la n es o f  th e  maximum s t r e s s  o b liq u ity  tend to  

be In p a r a l le l  w ith th e  bedding p la n es, e x h ib it in g  a r e la ­

t iv e ly  sm aller  o r  sm a lle s t  s tr e n g th . 5) Within th e  lim it o f  

OCR examined (0CR= 5.33), both  th e  v a lu e  o f  #  and th e  p a t­

tern  o f  <t> ~  6 r e la t io n  are n o t a f fe c te d  by OCR.

A sim ilar <t> — 6 p lo t  as above has been ob ta in ed  from PSC 

t e s t s  on u n d istu rb ed  v o lc a n ic  o r lg ln -sa n d  (Shlrasu* taken  

from a la y er  d e p o s ited  se c o n d a r ily  under w ater ('O'atsuoka 

e t  a l . .  1989). A lthough fu r th e r  stu d y  w ill be needed to  

know w hether th e  tren d  o f  s tr e n g th  a n iso tr o p y  shown In 

Fig. 9 can be g e n e r a lly  a p p lica b le  to  ln -s ltu  spnds d ep o s­

ited  under g r a v ity  through a ir  o r  w ater, It can be p o in ted  

o u t th a t most c la s s ic a l  Iso tro p ic  p e r f e c t ly - p la s t lc  s o i l  

m echanics th e o r ie s  sh ou ld  be r e -e v a lu a ted . Indeed, th e  

s tr e n g th  a n iso tr o p y  and th e  p r o g r e s s iv e  fa i lu r e  In th e  

ground a sso c ia te d  with p o st-p ea k  s tr a in  so fte n in g  a re  two 

major fa c to r s  which are m issing In Lliem, as has been d is ­

cussed  In d e ta i l  In r e la t io n  to  the b earin g  ca p a c ity  prob­

lem (T atsuoka e t  a l . ,  1991).

CONCLUSIONS

In PSC t e s t s  o f  s ix  ty p e s  o f  Iso tro p lca l ly  c o n so lid a te d  

sands, th e  deform ation c h a r a c te r is t ic s  a t  s tr a in s  le s s  

than about 0.001 % was e la s t ic  and Iso tro p ic  with r e sp e c t  

to  th e  a n g le  S o f  th e  a i d ir e c t io n  r e la t iv e  to  the  

bedding p lan e. As s tr a in  Increased , the deform ation  

c h a r a c te r is t ic s  became g ra d u a lly  more a n iso tr o p ic . The 

peak s tr e n g th  was n o tic e a b ly  a n iso tr o p ic  with a sim ilar  

trend  th a t th e  a n g le  o f  In tern a l fr ic t io n  4> d ecrea sed  as 

S d ecrea sed  from 90° ,  and th e  r a t io  o f  th e  sm a lle s t  to  

la r g e s t  v a lu e s  o f  <t> was betw een 0.82  and 90. Whether <t> 

has a minimum a t S = 20° - 30°  depended on th e  ty p e  o f  sand.

The re s id u a l s tr e n g th  became Iso tro p ic  again.
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